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 
Abstract—The dielectric performance of gases in insulation 
systems used in high voltage power and pulsed power 
applications is a subject of intensive theoretical and 
experimental investigation. Transient breakdown processes in 
gases stressed with short, high-field impulses, have been studied 
for many decades. However, there are still significant gaps in 
the understanding of the main breakdown processes and 
mechanisms associated with fast transient breakdown processes 
in gases. This knowledge is important for optimisation of 
gaseous insulating systems and for coordination of gaseous 
insulation in power and pulsed power apparatuses. This 
information is also required for the development of gas-filled 
components such as circuit breakers and plasma closing 
switches. The present work is aimed at analysis of the field-time 
breakdown characteristics of air, N2, CO2, and SF6, using 
kinetic and drift-diffusion approaches. The kinetic approach is 
based upon the avalanche-to-streamer transition criterion, 
while the fluid drift-diffusion model requires self-consistent 
numerical solution of the continuity equations for charged 
species, and the Poisson equation for the electric field. The time 
to breakdown as a function of the applied field was obtained for 
all investigated gases. The obtained analytical results agree well 
with the experimental data reported in the literature, which 
suggests that both approaches can be used for insulation 
coordination, and for the development of gas-insulated power 
and pulsed power systems and components.    
 
Index Terms— Transient breakdown in gases, ionization 
front, time-field breakdown characteristics.  
 
 
 
I. INTRODUCTION 
HE dielectric performance of gaseous insulation systems 
is a fundamental aspect that underpins the design and 
optimisation of gas-filled components and elements of high 
voltage power and pulsed power systems, [1]. Fast transient 
breakdown processes in different gases stressed with high 
electric fields have been extensively studied over many 
decades. A significant number of published papers focused 
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on different experimental and modelling aspects of fast, µs 
and sub-µs, breakdown events in gases reflects the 
importance of understanding of complex fundamental 
breakdown processes. Development of plasma closing 
switches, [2], [3], circuit breakers, [4], and gas-insulated 
systems, [4], requires comprehensive information on such 
gas breakdown processes. Understanding of the basic 
breakdown mechanisms also provides a basis for further 
development of environmental, bio-medical and other 
practical applications of gas discharges, [5].  
Computer modelling proved to be a useful and important 
approach to the analysis of fast breakdown processes in fluids. 
For example, in the late 1990s, the development of plasma 
streamers in air was studied by Morrow and Lowke, [6], by 
numerically solving the continuity equations for the charged 
species and the Poisson equation for the electric field. Later, 
in the early 2000s the transient breakdown mechanisms in 
gases were investigated by Sandia National Laboratories, [7]. 
However, despite significant research efforts in this field, the 
breakdown mechanisms and processes are still not fully 
understood. There is a lack of reliable engineering models for 
use in the optimisation of gas-filled power and pulsed power 
systems, and for coordination of gaseous insulation.    
The present paper is aimed at the analysis and 
development of phenomenological equations for the 
ionization and electronic transport coefficients for different 
gases, to be used in analytical and computational approaches 
for modelling of the field-time breakdown characteristics of 
these gases with neutral gas density, N, in uniform electric 
field, E. Two models of gas breakdown, the fluid 
drift-diffusion model and  kinetic model and were used in the 
present study, to predict formative breakdown times and 
breakdown fields for air, N2, CO2, and SF6, - gases chosen 
due to their use in practical power, pulsed power, 
environmental and biomedical applications.  
The kinetic breakdown model is based on the Meek 
“avalanche-to-streamer” transition (breakdown) criterion, 
and requires information on the electron transport 
characteristics in gases. The fluid drift-diffusion model is 
based on self-consistent numerical solution of the transport 
and continuity equations for ions and electrons, and the 
Poisson equation for the electric field. This model requires 
information on the ionization, attachment, and recombination 
coefficients of the gas, and the transport characteristics of 
different charged species, i.e. their mobilities and diffusion 
coefficients. 
Both models used in the present investigation require 
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specific breakdown criteria in order to identify two main 
parameters, the breakdown field and time required for 
ionization to build up in the inter-electrode gap, culminating 
in breakdown, [8].  
The breakdown kinetic model is based on the 
avalanche-to-streamer transition criterion. This criterion 
postulates that an electron avalanche propagating in a gas 
with an electron drift velocity, becomes unstable and 
transforms into a fast ionization front (streamer) when the 
total number of electrons in the avalanche head reaches 108. 
According to [9], this build-up of ionization in the gap up to 
the critical avalanche size, followed by transition into a fast 
transient streamer mode, constitutes the breakdown event. 
Thus, the time required for ionization to build up in the 
inter-electrode gap is considered in the framework of the 
kinetic model as time to breakdown, tbr,. Typically, the total 
time to breakdown in gaseous breakdown processes is 
considered as a combination of two distinct time intervals, 
the statistical and formative times. The statistical time is 
interpreted as a time interval which is required for initial 
electron(s), capable of triggering of the avalanche ionization 
process, to appear in the inter-electrode gap. The statistical 
time has a stochastic nature and is difficult to predict for 
inclusion in analytical model(s). In the present paper, the 
total time to breakdown is considered as constituting the 
formative time only. 
The breakdown criteria for the fluid drift-diffusion model 
is based on the establishment of an (almost) uniform 
distribution of the electron density across the gas-filled gap 
by a propagating ionization front.  
In the models used in the present work, it is assumed that 
the initial electrons have appeared in the gap eliminating 
consideration of the statistical time. The ionization process in 
the gas-filled gap is therefore initiated immediately provided 
that the external electric field has sufficient magnitude. In the 
case of the computational fluid drift-diffusion model, a 
compact cluster of seed electrons is located close to the 
cathode. The time interval required for the ionization front to 
cross the inter-electrode gap at the field level that produces a 
uniform electron density behind this front is defined within 
the drift-diffusion model as “time to breakdown”, tbr. This 
model was used to obtain both, time to breakdown, tbr, and 
reduced breakdown field, (E/N)br, in a plane-plane electrode 
topology. The kinetic model was also used to obtain tbr for 
each investigated gas, over a wide range of values of (E/N)br. 
Both methods have their advantages and constraints. The 
kinetic approach provides a straightforward method of 
analysis of the breakdown behaviour of gases, if their 
ionization and transport parameters are known. The 
drift-diffusion model can be used for more detailed analysis 
of the breakdown processes. This model allows for 
investigation of the evolution of the ionization front in 
different electrode topologies, including topologies with 
highly-divergent electric fields and gas/solid interfaces. 
However, this approach requires the development of a 
computational code or use of specialist software (for example 
COMSOL) and computational resources, which may restrict 
the range of modelling parameters (time and field). 
Nevertheless, information extracted from both models can 
contribute to the coordination of gaseous insulation and the 
development of gas-filled components for high voltage 
power and pulsed power systems. 
 
II. FLUID DRIFT-DIFFUSION MODEL  
The fluid drift-diffusion approach is used in the present 
paper to describe the dynamic behaviour of three charged 
species during the development of ionization fronts in gases: 
electrons, negative ions, and positive ions. The 
time-dependent concentrations of these charged species are 
governed by the continuity equations, which link the rate of 
change of particle number in a specific volume with the 
divergence of the flux of these particles and their rates of 
generation, annihilation and diffusion. The charged particles 
move in the electric field which is governed by the Poisson 
equation, [10], [11]. Thus, using the continuity equations for 
the charged particles and the self-consistent electric field, 
propagation of the ionization front can be modelled. 
 
A. Concentration of Charged Particles 
The continuity equations for electrons, negative ions, and 
positive ions in the drift-diffusion approximation are the 
first-order partial differential equations given by (1) - (3). 
These equations can be solved, together with the Poisson 
equation (4), to describe the dynamics of the ionization front 
(streamer) in the gas. 
 
𝜕𝑛𝑒
𝜕𝑡
+ 𝛻 ∙ (−𝑛𝑒𝜇𝑒?⃗? − 𝐷𝛻𝑛𝑒) = 𝑛𝑒(𝑒𝑓𝑓  )|𝜇𝑒?⃗? | − 𝑛𝑒𝑛𝑝𝛽 (1) 
 
𝜕𝑛𝑝
𝜕𝑡
+ 𝛻 ∙ (𝑛𝑝𝜇𝑝?⃗? ) = 𝑛𝑒𝛼|𝜇𝑝?⃗? | − 𝑛𝑒𝑛𝑝𝛽 − 𝑛𝑛𝑛𝑝𝛽 (2) 
 
𝜕𝑛𝑛
𝜕𝑡
+ 𝛻 ∙ (−𝑛𝑛𝜇𝑛?⃗? ) = 𝑛𝑒𝜂|𝜇𝑛?⃗? | − 𝑛𝑛𝑛𝑝𝛽 (3) 
 
In (1) - (3), ?⃗?  is the electric field and t is time. The subscripts 
e, p, and n in these equations represent electrons, positive 
ions and negative ions respectively; the concentration and 
mobility of the charged particles are represented by n and  
respectively, with an index related to the specific species.   
is the recombination rate coefficient, and D is the electron 
diffusion coefficient. When dealing with electronegative 
gasses, eff represents the effective ionization coefficient, 
which is the difference between the ionization coefficient , 
and the attachment coefficient,  : eff = − .   
For each gas the electronic diffusion coefficient is 
postulated to have a constant value or a weak dependency on 
electrical field in the range of E/N used the present study. The 
drift-diffusion approach is used to model the development of 
sub-s ionisation fronts, thus ionic diffusion coefficients are 
not included in (1) - (3) as the diffusivity of ions is negligible 
as compared with the diffusivity of electrons. Also, due to the 
fast transient nature of the ionisation fronts, the 
recombination processes in the present model are 
approximated by using the same value of  for all 
electron-ion and ion-ion recombination events in each gas. 
Numerical values for all parameters, as used in the present 
study for all selected gases, are listed in Appendix I. 
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B. Electric Field 
The generation and recombination of the charged particles 
during propagation of the ionization front into the bulk of the 
gas results in re-distribution of the electric field in the gap. 
Thus, the Poisson equation is used to describe the electric 
field which governs the development of the ionization front: 
 
𝛻 ∙ ?⃗? = 𝑒(𝑛𝑝 − 𝑛𝑛 − 𝑛𝑒)𝜀
−1                                                        (4) 
 
where  is the permittivity, and 𝑒 is the elementary charge. 
 
C. Ionization and Transport Parameters 
The continuity equations (1) - (3) require detailed 
information on the ionization coefficients and on the 
transport parameters of the charged species. There is a 
significant number of published papers which provide the 
ionization, attachment (in the case of electronegative gases) 
and recombination coefficients of gases, and the transport 
characteristics of different charged species in gases, 
including their mobility, diffusion coefficients, and drift 
velocity. For example, the transport and swarm parameters of 
different gases as functions of the reduced field, the gas 
pressure, and the inter-electrode distance, are published in 
[12], [13]. The LXCAT database, [14], also provides an array 
of transport and swarm parameters for different gases. 
However, there are different analytical function(s) 
reported in the literature for the ionization coefficients of the 
gases used in the present study. Some of these analytical 
functions known from the literature provide a good fit to the 
experimental data only within a limited range of field values. 
Thus, it is important to establish accurate analytical 
expressions, valid over a wide range of values of reduced 
applied field, (E/N), for the effective ionization coefficients 
of the gases used in the present study, which will allow for 
the use of these expressions in the fluid drift-diffusion and 
kinetic models.  
Experimental values of the reduced effective ionization 
coefficient, eff/N, were obtained from the literature for all 
investigated gases. The fitting procedure in the OriginPro 
graphing software was then used to obtain analytical 
expressions for the function relating eff/N to the reduced 
electric field, E/N. Analysis of the literature data shows that 
no analytical functions are available for the ionization 
coefficients for all investigated gases, valid over the required 
range of values of E/N. Thus, for the successful use of both, 
fluid and kinetic, models, new analytical expressions for the 
effective ionization coefficients, valid over a wide range of 
values of E/N, needed to be developed. These are now 
presented and discussed. 
 
1) Air 
The experimental vales of eff/N for air, taken from [15], 
and [16], are shown in Figure 1 as functions of E/N, (squares 
and crosses). This figure also shows the analytical effective 
ionization curves proposed in [6], [7], [18], [19] and [20]. 
Values of Es/N denote the transition between different fitting 
curves proposed in the literature for different field intervals 
for data sets [7] and [20]. This figure confirms that previously 
used analytical functions provide a reasonable fit to the 
experimental data only within limited ranges of the reduced 
field values.  
In order to obtain an analytical curve which can be used for 
the whole range of E/N required for the present work, the 
experimental vales of eff/N, were fitted with function (5). 
Analytical curve (5), shown in Figure 1 as a solid line 
(“Present work”) provides a good agreement with the 
experimental data, over a wide range of reduced electric 
fields, up to 1500 Td. 
  
eff/N= 410
−20
exp (−985/ (E/N+43)) − 3010−24  (m
2
)        (5) 
94 < E/N < 1500 (Td)               
 
This fit also allow for the value for the critical field, (E/N)cr 
for air to be obtained. (E/N)cr is defined as the reduced field at 
which the effective ionization coefficient tends to zero, 
representing the value of reduced field below which an 
electron avalanche cannot develop. The critical field for air 
obtained in this work is 94 Td; this value is close to the 
values of the critical field reported in [19], [21], and [22]. 
 
 
 
Fig. 1.  eff/N as a function of E/N in air. Experimental data: □, [16]; × [15].  
Fitting curves: dashed line, [19]; short dashed line, [18]; short dotted line, [6]; 
dashed - dotted line, [20]; solid gray line, [7]. Fitting curve: solid dark line, 
present work, (5). Es/N represents the transition between different fitting 
curves from [7] and [20]; Emax/N represents maximum value of E/N for fitting 
curves [18] and [19].  
 
2) Nitrogen 
Being an electropositive gas, the attachment coefficient for 
N2 is taken as  =0, thus the concertation of negative ions in 
this gas is also zero, [59], [63], [64]. In Figure 2 experimental 
values of  /N for nitrogen from [23] and [24] are presented 
as open triangles and circles. Figure 2 also shows two 
analytical functions, taken from [7] and [25], however these 
functions do not provide values of /N with a sufficient 
accuracy over the required range of values of E/N. 
No single analytical function which would adequately fit 
the whole range of the reduced field (from 60 Td to 
5000 Td) could be found for nitrogen. Therefore, the 
analytical fitting line obtained in the present work was 
constructed using (6) and (7), for two intervals of E/N, from 
60 Td to 350 Td, and from 350 Td to 5000 Td.   
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/N = 1.710
−20
exp (−800/(E/N−3))   (m2)                     (6) 
60 < E/N < 350 (Td) 
 
/N= 310−20exp (−1000/(E/N))  (m2)                                (7) 
350 < E/N < 5000 (Td) 
 
These newly-obtained analytical fittings (6) and (7) will be 
used in the fluid drift-diffusion and kinetic models in the 
present paper. The critical field for nitrogen obtained using (6) 
is 60 Td, which is in good agreement with the value 
reported in [26]. 
 
 
 
Fig. 2.  /N as a function of E/N in N2. Experimental data: ⊲, [23]; ○, [24]. 
Fitting curves: dashed line, [7]; dotted line, [25]; solid line, present work, 
(6)- (7). Es/N represents the transition between different fitting curves from 
[7]; Emax/N represents the maximum field value for fitting curve [7].  
 
3) Carbon Dioxide 
Figure 3 shows the experimental eff/N data for CO2 
obtained in [24] as open points and crosses. This figure also 
includes the analytical curve for the effective ionization 
coefficient proposed in [27], which satisfies only a very 
limited range of E/N, ~1500 Td < E/N < ~3000 Td.  
 
 
 
Fig. 3.  eff/N as a function of E/N in CO2. Experimental data points:    [24], 
□, ○, ▽, △ and ◇, [17]. Fitting curves: bold solid line, [27]; solid line, 
present work, (8)-(9).  
 
As in the case of nitrogen, two analytical curves, (8) - (9), 
were obtained in the present work to provide a full analytical 
description of the effective ionization coefficient in the range 
from 86 Td to 104 Td. The obtained composite analytic 
curve (“Present work”) is shown in Figure 3. 
 
eff/N= 4.310
−20
exp (−986/ (E/N+49)) −3010−24   (m
2
)    (8) 
86 < E/N < 1100 (Td) 
 
eff/N= 6.0710
−20
exp (−1414/ (E/N))  (m2)               (9) 
1100 < E/N < 10000 (Td) 
 
The critical field for CO2, obtained using analytical fitting 
curve (8), is 86 Td, which is close to the values of the 
critical field for CO2 reported in [28] and [29]. 
 
4) Sulphur Hexafluoride 
Figure 4 shows the experimental values of  eff/N for SF6 as 
open circles (data from [32]). The analytical ionization 
coefficient proposed in [30], and shown in this figure as a 
dashed line, demonstrates a noticeable deviation from the 
experimental values for high values of E/N, above 2500 Td, 
and for the values of E/N in the range of 400 - 500 Td.  
Analytical fitting line for eff/N  was obtained for SF6 in the 
present work in the range from 360 Td to 5000 Td. This 
line is given by (10) and shown in Figure 4.  
 
eff/N= −9.0610
−20
exp (−(E/N)/2875) + 810−20  (m2)  (10) 
360 < E/N < 5000 (Td) 
 
Fitting curve (10) provides a good match to the 
experimental data over the full range of values of E/N, from 
360 Td to 5000 Td. Fitting curve (10) also provides a critical 
field value of 360 Td for SF6, which is in good agreement 
with the values previously reported in [31], [32] and [33].  
 
 
 
Fig. 4.  eff/N as a function of E/N in SF6. Experimental data:   ○ [32]. Fitting 
curves: dashed line, [30]; solid line, present work, (10). Es/N represents the 
transition between different fitting curves from [30].  
 
 
Table I shows the values of (E/N)cr obtained in the present 
paper, and the values of (E/N)cr available in the literature for 
the same gases.  There is good agreement between the (E/N)cr 
values obtained for air, N2, CO2 and SF6 in the present paper 
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and previously reported values. 
 
TABLE I 
CRITICAL FIELD FOR INVESTIGATED GASES 
Gas 
 
(E/N)cr ,(Td) 
from present work 
(E/N)cr ,(Td)  
from literature 
Air 94 
94.7 [19] 
99.4 [21] 
98.5 [22] 
N2 60 <60 [26] 
CO2 86 
86 [28] 
82 [29] 
SF6 360 
359 [34] 
360 [31], [32], [33] 
361[35] 
362 [36], [37] 
 
D. Secondary Electron Emission Process 
The Townsend discharge model postulates that the 
development of a self-sustained electron avalanche is 
supported by secondary electron emission, which is 
described by Townsend’s secondary ionization coefficient, . 
This coefficient is defined as the number of electrons 
generated by a single positive ion colliding with the cathode. 
Typical values of  are in the range from 10−2 to 10−4.  
However, there are other ionization processes that may 
affect the development of electron avalanches and streamers 
in gases. These processes include: photoionization, which is 
an important factor in the case of positive streamers, and 
background ionization. In the case of a negative ionization 
front in a gas at atmospheric pressure, the roles of 
photoionization and background radiation are inferior to the 
electron emission from the cathode, described by , [7], [38], 
and [39]. This has led to modelling approaches where the 
effects of photoionization and background radiation have 
been omitted. For example, photoionization was not taken 
into account in [40], where only the secondary electron 
emission process was included in the model. A similar 
approach was adopted in [41], where it was stated that 
background ionization has a negligible effect on the 
development of negative streamers. Background ionization 
was also excluded from the streamer model in atmospheric 
air in [42], [43], and [44]. These assumptions are also made 
by the authors of this paper, and only the process of emission 
of secondary electrons from the cathode, with  = 0.004, was 
directly included in the fluid drift-diffusion model, (1) - (4). 
However, it can be considered that the role of background 
ionization has been taken into account, as a source for the 
seed population of electrons used in the fluid drift-diffusion 
model, and for the presence of an initiating electron for the 
formation of the avalanche in the kinetic model.  
 
E. Mobility of Electrons 
One of the important transport parameters required for 
both, drift-diffusion and kinetic models is electron mobility, 
µe. In Figure 5 the experimental values of the product of 
electron mobility and particle density, µeN, are shown as 
open and closed symbols for: air, [45]; N2, [46]; CO2, [47]; 
and SF6, [32]. The experimental vales of µeN were fitted with 
analytical curves (11) - (14) for each specific gas:    
 
Air 
𝜇𝑒𝑁 =  3.361 ∙ 10
24(𝐸/𝑁)−0.222   (m·V·s)-1 (11) 
 
Nitrogen 
𝜇𝑒𝑁 = 1.7 ∙ 10
24(𝐸/𝑁)−0.09         (m·V·s)-1  (12) 
 
Carbon dioxide 
𝜇𝑒𝑁 = 8.68 ∙ 10
24(𝐸/𝑁)−0.416      (m·V·s)-1  (13) 
 
Sulphur hexafluoride 
𝜇𝑒𝑁 = 3.085 ∙ 10
24(𝐸/𝑁)−0.284    (m·V·s)-1  (14) 
 
Functions (11) - (14) are shown in Figure 5 as solid lines. 
 
 
Fig. 5. µeN as a function of E/N.  Simulation data from literature: ○ [45].  
Experimental data from literature: ● [46], ■ [47], □ [32]. Fitting curves 
for present work: dashed line, air, (11); solid dark line, N2, (12); solid gray 
line, CO2, (13); dotted line, SF6, (14).  
 
III. FLUID DRIFT-DIFFUSION MODEL  
A parallel-plane electrode topology was used in the present 
work to model the development of fast ionization fronts in 
gases. The ionization front model is based on continuity 
equations, (1) - (3), and Poisson’s equation, (4). The model 
was implemented in COMSOL Multiphysics software, using 
a 2D geometry with symmetrical electrodes in the cylindrical 
coordinate system, with the z-axis directed vertically (r is the 
radial coordinate). The inter-electrode gap was set to 1.5 mm, 
the radius of both plane electrodes was 3 mm, and the gas 
pressure in all cases was set to 1 atm (absolute). 
The top plane electrode (cathode) was energised with a 
negative potential, the lower electrode was kept at zero 
potential. A cluster of seed electrons, which simulates initial 
electrons produced by natural background radiation, was 
located at the centre of the cathode. The initial electron 
concentration, 𝑛𝑒0,  followed a Gaussian distribution, [40]:  
 
𝑛𝑒0 = 𝑛0𝑒𝑥𝑝 (− 
(r−𝑟0)
2
2𝜎𝑟
 −  
(z−𝑧0)
2
2𝜎𝑧
)                                (15) 
 
where n0 is the maximum concentration of seed electrons, 
n0 = 10
12
 m
−3
,
 
[10]. The centre of the electron cluster was 
positioned at r0 = z0 = 0. The parameters controlling the 
change in the electron density along the r and z coordinates 
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were set to r = z = 0.25 mm, as proposed in [18]. 
 
IV. BREAKDOWN CRITERION   
A. Fluid Drift-diffusion Model 
The computational procedure to solve (1) - (4) starts at 
time t0, when the magnitude of the applied negative voltage is 
set to a user-defined value, U0. The electron density 
associated with the development of the ionization front 
(streamer) is then obtained after a time interval specified by 
the user, tbr. If the electron density was not distributed 
uniformly, the magnitude of the applied voltage was 
increased by U, and the computational process was repeated. 
The voltage magnitude was increased in steps, U, until the 
uniform distribution of the electron density in the z direction 
across the gap was observed. This marks the voltage 
condition, Ubr, where the ionization front just reaches the 
opposite (ground) electrode in the time interval, tbr, which is 
recorded as time to breakdown. Convergence of the 
computational algorithm was achieved by the selection of the 
appropriate mesh size at each step of the computational 
process.  
 
B. Kinetic Model 
According to the Townsend model of an electron 
avalanche, the electronic charge in the avalanche head, Q¸ 
increases exponentially with propagation time, t: 
 
Q  exp( t)                                                                    (16) 
 
where  is ionization frequency. Following the Meek 
criterion, the electron avalanche transforms into a streamer 
(streamer breakdown criterion) when the number of electrons 
in the avalanche head reaches 108. Thus, the following 
condition can be obtained: 
 
 tbr  18                          (17) 
 
The ionization frequency,, is the product of the effective 
ionization coefficient, eff, and the electron drift velocity, vdrift: 
 = eff vdrift. The drift velocity itself is the product of electron 
mobility and the electric field: vdrift = µeE. Thus, the 
relationship between time to breakdown, tbr, and reduced 
breakdown field, E/N, can be established: 
  
tbr N= 18/[(eff µe)(E/N)]                     (18) 
 
where both, eff  and µe, are functions of E/N. This kinetic 
relationship will be used in Section V to obtain field-time 
breakdown characteristics for gases. 
 
V. SIMULATION RESULTS 
Computational modelling of the development of ionization 
fronts in air, N2, CO2, and SF6, have been conducted using the 
fluid drift - diffusion model, (1) - (4). This model was used to 
obtain breakdown voltages, for values of time to breakdown 
covering a range of values of reduced field. The kinetic 
model has also been used to calculate breakdown times as a 
function of field, over a range of reduced field values for the 
gases investigated. The nominal average velocities of 
propagation of the ionization fronts have also been obtained 
from the fluid drift diffusion model. The ionization front 
propagation velocity, ?̅?𝑓𝑟𝑜𝑛𝑡, is defined as the length of the 
inter-electrode gap, ℓ, divided by the time to breakdown, tbr, 
i.e. the time required for the ionization front to form, cross the 
gap and reach the anode: 
 
?̅?𝑓𝑟𝑜𝑛𝑡 = ℓ 𝑡𝑏𝑟⁄                                                            (19) 
 
This definition of the nominal average streamer velocity was 
used in [48], [49], and [50].  
 
A. Average Velocity of Ionization Front 
The nominal average ionization front velocities in air, N2, 
CO2, and SF6, obtained using (19), are shown in Figure 6 as 
functions of E/N. These results demonstrate that ?̅?𝑓𝑟𝑜𝑛𝑡  
increases with an increase in the applied electric field. For 
example, ?̅?𝑓𝑟𝑜𝑛𝑡   in air at atmospheric pressure increases 
from 0.13·106 m/s at 4·106 V/m, up to 5.7·106 m/s at 
115·10
6
 V/m. These values are in the range of those reported 
in the literature: [18] indicates that the average velocity of 
streamers in air is (0.1-10)·10
6
 m/s; while [50] and [51] 
provide the value of 2·10
6
 m/s for this velocity.    
 
 
 
Fig. 6.  Nominal average velocity of the ionization front, ?̅?𝑓𝑟𝑜𝑛𝑡, as a function 
of E/N. ● Air; □ N2; ▽ CO2; ▲ SF6. Connecting lines are given for visual 
guidance only. 
 
 
As can be seen from Figure 6, ?̅?𝑓𝑟𝑜𝑛𝑡 for CO2 is similar to that 
for air, for all values of E/N, [52]. For N2, ?̅?𝑓𝑟𝑜𝑛𝑡 is lower than 
that for air and CO2. This is confirmed by the published data, 
for example, [53] and [54] quote 105 m/s and 104 m/s as 
average streamer velocities in N2. SF6 has the lowest nominal 
average velocity,  0.3·106 m/s, at 368 Td as compared with 
the average velocities obtained for other investigated gases at 
360 Td. 
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B. Field-Time Characteristics 
The breakdown parameters: time to breakdown multiplied 
by the particle density, Ntbr, and reduced breakdown field 
(E/N)br, obtained via the fluid drift-diffusion model (1) – (4), 
and the kinetic model (18), have been plotted as time - field 
breakdown curves. Figures 7 – 10 show Ntbr as a function of 
(E/N)br for air, N2, CO2, and SF6, together with the 
experimental breakdown data from [8]. The kinetic model 
provides the values of Ntbr (shown as solid lines) in a wide 
range of the reduced breakdown fields. However, due to 
computational limitation, the results obtained using the fluid 
drift-diffusion model (shown as solid dots) were restricted to 
values of (E/N)br less than 500 Td.     
It can be seen that both, the computational fluid  
drift-diffusion model and the kinetic model provide a good 
agreement with the experimental breakdown characteristics 
available for air, N2, and SF6. No experimental field - time 
breakdown data for CO2 was found in the literature.   
 
 
Fig. 7.  Ntbr as a function of (E/N)br in air. •  experimental data, [8]; ● fluid 
drift-diffusion model, (1) - (4); —  kinetic approach, (18). 
 
 
 
Fig. 8.  Ntbr as a function of (E/N)br in N2. •  experimental data, [8]; ● fluid 
drift-diffusion model (1)-(4); —  kinetic approach (18). 
 
 
 
Fig. 9.  Ntbr as a function of (E/N)br in CO2. ● fluid drift-diffusion model 
(1) - (4); —  kinetic approach (18). 
 
 
Fig.10. Ntbr as a function of (E/N)br in SF6. □ experimental data, [8], ● fluid 
drift-diffusion model, (1) - (4); —  kinetic approach ,(18). 
 
 
Figure 11 summarises the results of kinetic modelling and 
shows Ntbr as a function of (E/N)br for all investigated gases, 
obtained using (18). This representation of Ntbr(E/N) curves 
facilitates analysis of the time-breakdown field performance 
of the different gases. For lower fields, (E/N)br <1000 Td, SF6 
demonstrates significantly longer formative time (greater Ntbr 
values) as compared with other gases, and this difference 
increases as (E/N)br decreases. Air and CO2 show almost 
identical breakdown performance for (E/N)br <1000 Td, N2 
demonstrates slightly higher values of Ntbr than air and CO2, 
but lower than SF6 in this range. It is interesting to note that, 
for field strengths above 3000 Td, the time - breakdown 
field curve for air converges with that for SF6, while the 
Ntbr(E/N) curve for N2 shows lower Ntbr values than those for 
SF6 and air. These scaling relations can be used in analysis of 
the time required for the ionization front to cross the 
inter-electrode gap for different levels of applied field, and at 
different gas pressures. 
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Fig.11.  Ntbr as function of (E/N)br, obtained by (18). Dotted line: air; solid 
dark line: N2; solid gray line: CO2; dashed line: SF6. 
 
Figure 12 shows the reduced breakdown field values for 
different values of Ntbr, for all investigated gases. It can be 
seen that at longer breakdown times (i.e. higher values of Ntbr 
at the constant pressure), SF6 demonstrates higher values of 
breakdown field than the other gases. However, for lower 
values of Ntbr, all gases show similar reduced breakdown 
fields - for example, for Ntbr = 310
15
 (s/m
3
), (E/N)br for all 
investigated gases is in the range of 700 - 1000 Td (although 
air and N2 show lower values of (E/N)br than SF6 and CO2). 
With further decrease in Ntbr, CO2 and SF6 show similar 
values of (E/N)br, as can also be seen in Figure 11.  
 
 
Fig.12. (E/N)br for investigated gases for specific values of Ntbr. △
21017 (s/m3); ▲ 51016 (s/m3); □ 11016 (s/m3); ■ 31015 (s/m3). 
 
VI. CONCLUSION 
In the present work, two models that allow the simulation 
and prediction of the time - field breakdown characteristics 
were used to investigate breakdown behaviour of different 
gases. The first model is based on the fluid drift - diffusion 
computational approach, which can simulate the transient 
development of the ionization front in different gases. The 
second model is based on the kinetic approach to gas 
breakdown and uses the avalanche-to-streamer transition 
criterion. Both approaches were used for modelling of the 
field - time breakdown characteristics of air, N2, CO2, and 
SF6 - gases, for which the ionization and transport parameters 
are known. Based on the literature data, the analytical 
equations for the effective ionization coefficients and for 
electronic mobility for these gases were obtained in a wide 
range of E/N used in the present study.  
The analytical relationship between the time to breakdown 
(the time required for the ionization front to cross the gap) 
and the breakdown voltage (minimum voltage applied to the 
electrode system at which the ionization front can bridge the 
gap) were obtained for all gases considered in the present 
work.  It was shown that the obtained analytical results 
demonstrate good agreement with the experimental 
field-time breakdown data published in [8], [9], and [55].  
The results obtained in this work are presented as 
time-field breakdown characteristics: the product of the 
particle density and the time to breakdown, Ntbr, versus the 
reduced electric field, (E/N)br. It is known that, within the 
framework of the gas kinetic approach, the mean free path of 
an electron is a function of the reciprocal of the gas particle 
density, 1/N. In this approach, the energy required to ionise 
neutral atoms or molecules has no dependence on pressure 
(gas particle density). Thus, using dimensional analysis, it 
can be shown that, both, the applied electric field required for 
electrons to gain such energy, and the energy gaining 
frequency (the reciprocal of the time required for electrons to 
gain this energy, [27]), are functions of N, [69]. Therefore, 
the parameters Ntbr and (E/N)br can be used to establish 
scaling relations for gas discharges and breakdown in gases. 
Since these relations imply that the breakdown parameters 
are the same at fixed values of (E/N), they can be employed 
for analysis of the breakdown behaviour of gases in similar 
electrode topologies, at different pressures. The analytical 
time-field breakdown characteristics, Ntbr vs (E/N)br,  
obtained in this work fit well the experimental results for air, 
N2, and SF6, obtained and presented in [8]. In the tests 
conducted in [8], the applied voltage was in the range from 
5 kV to 30 kV (in the case of air), from 4 kV to 20 kV (in the 
case of N2), and from 4 kV to 25 kV (in the case of SF6), 
while the gas pressures used were between ~1.3·10
−3
 atm and 
~1 atm. The maximum inter-electrode gap was 6 cm for all 
gases, while the minimum gaps were different: 0.13 mm for 
air and N2, and 0.051 mm for SF6. Analysing the 
experimental time-breakdown data presented in [8] for 
different inter-electrode gaps, it can be noted that the values 
of the pressure-distance product, p × d, were in the range 
from several thousandths of one atm·cm, to ~ 0.1 atm·cm. 
These values of p × d correspond to the right-hand side of the 
Paschen curve for all investigated gases. Thus, the models 
developed in the presented paper and the obtained scaling 
relations can be stated to be valid for the experimental 
parameters used in [8]. Further experimental studies are 
required in order to establish the full range of operational 
parameters within which the proposed scaling relations are 
valid. 
The proposed models will help in further investigation of 
the transient breakdown processes in gases, and can be used 
in the design and optimisation of gas-filled, high voltage 
sub-systems and components, for use in power and pulsed 
power systems.   
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APPENDIX I. 
Appendix I presents the swarm parameters used in both, 
the fluid drift-diffusion model, (1) - (4), and the kinetic model, 
(18). The reduced effective ionization coefficient, eff /N= ( 
− )/N (m2), is given as a function of reduced electric field, 
E/N (Td, 1 Td=10
21
 Vm2), for different ranges of E/N, for all 
investigated gases. The gas pressure used in the calculation of 
all parameters in the present work was equal to 10
5
 Pa, 
providing a corresponding value of the particle number 
density of 𝑁 = 2.5 · 1025(1/𝑚3)  at room temperature. 
Tables II – V provide all ionization and transport coefficients 
used in the present paper.   
 
 
TABLE II 
SWARM PARAMETERS OF AIR IN PRESENT MODEL 
Parameter 
 Value/function used in the present 
paper 
References 
D(
𝑚2
𝑠
) 
 
0.18 
 
 
[18], [56] 
 
   
μ𝑝 (
𝑚2
𝑉 ∙ 𝑠
) 2.34 · 10−4 [6], [57] 
   
μ𝑛 (
𝑚2
𝑉 ∙ 𝑠
) 
 
2.7 · 10−4 
𝐸/𝑁 > 50𝑇𝑑 
 
1.86 · 10−4 
𝐸/𝑁 < 50𝑇𝑑 
[6], [57] 
 
   
β (
𝑚3
𝑠
) 2 · 10−13 [6], [10], [58] 
 
 
 
TABLE III 
SWARM PARAMETERS FOR N2 USED IN THE PRESENT MODEL 
Parameter 
 Value/function used in the present 
paper 
References 
D(
𝑚2
𝑠
) 0.18 [59]  
μ𝑝 (
𝑚2
𝑉 ∙ 𝑠
) 2.5 · 10−4 [60], [61] 
β (
𝑚3
𝑠
) ~1 · 10−13 [62] 
 
 
 
TABLE IV  
SWARM PARAMETERS FOR CO2 USED IN THE PRESENT MODEL 
Parameter   Value/function used in the present paper References 
D(
𝑚2
𝑠
) ~0.1 
 
 [65] 
 
μ𝑝 (
𝑚2
𝑉 ∙ 𝑠
) 
6.52 · 10−5𝑒𝑥𝑝(−(𝐸/𝑁)/399）
+ (6.96 ∙ 10−5) 
50 ≤ 𝐸/𝑁 ≤ 1200𝑇𝑑 
 
Data from 
[66]; 
Fitting 
equation from 
present work 
 
μ𝑛 (
𝑚2
𝑉 ∙ 𝑠
) 
6.47 · 10−6𝑒𝑥𝑝(((𝐸/𝑁) − 7.4)/86.7）
+ (1.22 ∙ 10−4) 
5 ≤ 𝐸/𝑁 ≤ 150𝑇𝑑 
 
Data from 
[66]; 
Fitting 
equation from 
present work 
 
β (
𝑚3
𝑠
) ~1 ∙ 10−13     [67] 
 
TABLE V   
SWARM PARAMETERS FOR SF6 USED IN THE PRESENT MODEL 
Parameter  Value/function used in the present 
paper 
References 
D(
𝑚2
𝑠
) 
3.553 · 10−2(𝐸/𝑁)0.2424 
𝐸/𝑁 < 650𝑇𝑑 
 
[30] 
   
μ𝑝 (
𝑚2
𝑉 ∙ 𝑠
) 
6.0 · 10−5 
𝐸/𝑁 < 120𝑇𝑑 
 
1.216 · 10−5 ln(𝐸/𝑁) + 0.01 ∙ 10−4 
120𝑇𝑑 < 𝐸/𝑁 < 350𝑇𝑑 
 
−1.897 · 10−5 ln(𝐸/𝑁) + 1.83 · 10−4 
𝐸/𝑁 > 335𝑇𝑑 
 
[30] 
μ𝑛 (
𝑚2
𝑉 ∙ 𝑠
) 
1.69 · 10−10 (𝐸/𝑁)2 + 0.53 ∙ 10−4 
𝐸/𝑁 < 500𝑇𝑑 
[30] 
   
β (
𝑚3
𝑠
) 
~10 · 10−13 [68] 
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